ABSTRACT: Marine viruses have been shown to affect phytoplankton productivity; however, there are no reports on the effect of viruses on benthic microalgae (microphytobenthos). Hence, this study investigated the effects of elevated concentrations of virus-like particles on the photosynthetic physiology and community composition of benthic microalgae and phytoplankton. Virus populations were collected near the sediment surface and concentrated by tangential flow ultrafiltration, and the concentrate was added to benthic and water column samples that were obtained along a eutrophication gradient in the Brisbane River/Moreton Bay estuary, Australia. Photosynthetic and community responses of benthic microalgae, phytoplankton and bacteria were monitored over 7 d in aquaria and in situ. Benthic microalgal communities responded to viral enrichment in both eutrophic and oligotrophic sediments. In eutrophic sediments, Euglenophytes (Euglena sp.) and bacteria decreased in abundance by 20 to 60 and 26 to 66%, respectively, from seawater controls. In oligotrophic sediments, bacteria decreased in abundance by 30 to 42% from seawater controls but the dinoflagellate Gymnodinium sp. increased in abundance by 270 to 3600% from seawater controls. The increased abundance of Gymnodinium sp. may be related to increased availability of dissolved organic matter released from lysed bacteria. Increased (140 to 190% from seawater controls) initial chlorophyll a fluorescence measured with a pulse-amplitude modulated fluorometer was observed in eutrophic benthic microalgal incubations following virus enrichment, consistent with photosystem II damage. Virus enrichment in oligotrophic water significantly stimulated carbon fixation rates, perhaps due to increased nutrient availability by bacterial lysis. The interpretation of data from virus amendment experiments is difficult due to potential interaction with unidentified bioactive compounds within seawater concentrates. However, these results show that viruses are capable of influencing microbial dynamics in sediments.
INTRODUCTION
Viruses are ubiquitous in marine environments, with typical abundances of between 10 5 and 10 7 virus-like particles (VLP) ml -1 (Fuhrman 1999 , Wommack & Colwell 2000 . Viral infection affects both photosynthesis and biomass in phytoplankton (Suttle et al. 1990 , Suttle 1992 , Milligan & Cosper 1994 , Nagasaki et al. 1999 as well as in bacterioplankton biomass (Proctor & Fuhrman 1992 , Mathias et al. 1995 , Middelboe et al. 1996 . Viruses have also been implicated in the decline of phytoplankton blooms (Bratbak et al. 1990 (Bratbak et al. , 1993 and viruses may be a source of nutrition for heterotrophic nanoflagellates (Gonzales & Suttle 1993) . The abundance of benthic viruses has been shown to exceed the abundance of water column viruses by 10 to 1000 times (Paul et al. 1993 , Maranger & Bird 1996 , Steward et al. 1996 , Drake et al. 1998 , Danovaro & Serresi 2000 . Given the elevated microalgal and bacterial biomass in sediments compared with the overlying water column (de Jonge & Colijn 1994) , viruses have the potential to play a significant role in benthic microbial communities.
Bacteria have been reported to be the most abundant organisms in sediments (Canon et al. 1998 ). Benthic microalgae (microphytobenthos) also have substantial biomass and abundance in marine sediments, particularly in shallow oligotrophic areas such as coral reefs (Heil et al. unpubl. data, Light & Beardall 1998) . Benthic microalgae are diverse assemblages of both autotrophs and heterotrophs (MacIntyre et al. 1996) that play significant roles in the ecology of Australian estuaries. They contribute substantially to primary production and hence oxygenation of sediments, and they are an abundant food source for invertebrates and fish (Kendrick et al. 1996 , Light & Beardall 1998 . In Australian subtropical estuaries benthic microalgal biomass ranges from 20 to 200 mg chlorophyll a (chl a) m -2 (Kendrick et al. 1996 , Light & Beardall 1998 ) and frequently exceeds the phytoplankton biomass in overlying waters (1 to 10 mg chl a m -2 ) as well as photosynthetic rates of other component flora in some areas (Dennison & Abal 1999) .
Virus infection may be a common cause of mortality in both benthic microalgae and phytoplankton. To date, mortality of benthic microalgae has been attributed to grazing, burial, resource exhaustion or apoptosis (Fenchel & Staarup 1971) . The mechanisms by which viral infection result in mortality to microalgae are not well understood, nor is the magnitude of mortality due to viral infection known. Cultures of microalgae, including the benthic pennate diatom Navicula sp. (common in estuarine sediments [Underwood et al. 1998 ]), exhibited a 99% reduction in biomass with additions of high molecular weight concentrates (HMWCs) from oligotrophic seawater compared with controls with no additions (Suttle et al. 1990 ). Phytoplankton photosynthesis can be inhibited by up to 78% with the addition of HMWCs that are rich in viruses with capsids larger than 30 nm (Suttle 1992) . In addition, viral infection of bacteria and cyanobacteria may be an important loss mechanism in sediments (Proctor & Fuhrman 1990) , since it has been estimated that 6 to 52% of particle-associated pelagic bacterial mortality is caused by viruses (Proctor et al. 1993) .
The aims of this study were to examine the effects of elevated virus abundances on (1) the photosynthetic physiology and (2) the community structure of benthic microalgae from both eutrophic and oligotrophic areas of the Brisbane River/Moreton Bay Estuary, Queensland, Australia. In addition, the effects of elevated virus abundances on the photosynthetic capacity of overlying phytoplankton communities from both areas were determined.
METHODS

Study sites.
Moreton Bay is a large (~700 km 2 ) subtropical (27°S, 153°E) semi-enclosed embayment located in southeastern Queensland (Fig. 1) . The bay is relatively shallow (average depth 8 m) and characterized by large east-west gradients in trophic status and suspended solid concentrations that persist throughout the year (Abal & Dennison 1996 , Heil et al. 1998 , O'Donohue et al. 1998 . The 2 sediment types examined in this study were from the Brisbane River and from eastern Moreton Bay, which are at the extremes of this trophic gradient. The Brisbane River site is considered eutrophic (Dennison & Abal 1999) and is characterized by relatively long residence time (>150 d), an average salinity of 25 ‰, tidal flushing (2 m tidal range) and finegrained muds (Dennison & Abal 1999) . The benthic microalgal community present within 2 mm of the sediment surface was dominated by Euglena spp. and pennate diatoms (Hewson et al. in press) . In contrast the oligotrophic station (salinity 35.5 ‰) was located on an intertidal sand flat west of North Stradbroke Island in an area subject to continuous oceanic flushing (residence time < 7 d). Benthic microalgal communities at this site were also dominated by pennate diatoms, although dinoflagellates (Prorocentrum spp., Gymnodinium spp.) were present in much smaller proportions (~2.4% of total community). Although benthic microalgal biomass was highest in the top 2 cm of sediment, the distribution of benthic microalgal cells suggests that these microalgae are present to depths of >10 cm (Hewson et al. in press) . Experiments were located in the intertidal zone at both stations and were submerged for approximately 20 h each day. The effects of viral amendment were determined using both in situ and aquaria experiments for sediments and aquaria experiments for phytoplankton (Fig. 2) . Viral effects on benthic microalgae were determined by enriching sediment porewaters with viruses concentrated from seawater collected above the sediment surface. Effects of concentrated viruses on phytoplankton were determined by enriching seawater with viruses concentrated from the same station.
Benthic microalgae experiments. In situ incubations: Nine PVC collars (diameter 110 mm, height 100 mm) were pushed into the sediment tõ 90 mm depth and enclosed at the top with a polyethylene light-transparent cover (500 ml Nasco Whirlpak [Nasco, Kansas City, KS, USA] bags) secured with a rubber band. Whirlpaks were pre-soaked for 6 h in 0.2 N HCl to remove UV-released toxins (HolmHansen & Helbling 1993) . The cover was ~5 mm above the sediment surface and enclosed ~50 ml of water. Covers prevented the loss of resuspended sediment upon initial manipulation.
Aquaria experiments: Sediment cores (110 mm diameter, 60 mm depth) from the 2 sites were taken using a pipe corer, immediately placed into 250 ml polystyrene vials and transported intact to glass tanks containing 30 l seawater collected from the site. Cores were enclosed with polyethylene covers (pre-soaked in 0.5 N HCl for 6 h; head of water ~50 ml). Tanks containing the cores were continuously aerated and incubated outdoors in aquaria in which water flow-through was used to maintain constant temperature (18°C).
Preparation of HMWCs: A single HMWC was prepared for each study site by collecting 30 l surface seawater in black polyethylene carboys (pre-soaked in 0.5 N HCl). Seawater was transported to the laboratory at ambient temperature and HMWCs were processed within 1 h of sample collection in the following manner.
All potential hosts were removed by gently (250 mm Hg) filtering 5 l of seawater from each station through 0.8 mm Whatman GF/F (Whatman, Maidstone, UK), followed by filtration through a 0.22 µm Durapore filter (Millipore Corporation, Bedford, MA, USA). The resulting filtrate was then concentrated by tangential flow ultrafiltration using a peristaltic-pump driven Vivaflow (Vivascience, Hannover, Germany) 200 unit (molecular weight cut off > 30 000 Da) to 50 ml. One half of the concentrated volume was heat treated in a microwave (5 min at >100°C ), transferred to an open glass container and exposed for 5 min to UV light using an UV lamp (Oliphant UV Products, Arndell Park, NSW, Australia; λ ≈ 250 to 350). This treatment is assumed to have denatured capsid proteins or destroyed virus infectivity and served as the heat-treated control in all experiments. It is worth noting, however, that previous studies have shown that viruses are still capable of infecting cells after UV sterilisation (Weinbauer et al. 1997 , Wilhelm et al. 1998 ). Both heattreated concentrate and HMWCs were used immediately after preparation.
For both in situ and aquaria experiments, the HMWC fraction was injected (8 ml into each core) through the polyethylene covers, into the sediment surface to a depth of approximately 2 mm through a sterile syringe and steel needle at approximately 30 points within each core. After 24 h the polyethylene cover was removed and the cores were then subjected to ambient conditions. Seawater from the site and the heat-treated concentrate fraction were also added to 3 replicate cores each to serve as controls. Cores were incubated for 7 d and each core was sampled at random positions at 0 and 7 d for enumeration of microorganisms.
The abundance of viruses in concentrates was determined by epifluorescence microscopy after staining small (100 µl) subsamples of seawater concentrate with SYBR Green I (Molecular Probes, Inc.) (Noble & Fuhrman 1998) , while the abundance of benthic viruses at both stations was determined using SYBR Green I staining of eluted sediment samples (Noble & Fuhrman 1998, Hewson et al. in press) . Briefly, small cores (5 ml syringe, 2 cm depth) of sediment from the experiment location were eluted in 35 ml 0.02 µm filtered phosphate-buffered saline (120 mM NaCl, 10 mM NaH 2 PO 4 , pH 7) and agitated for 60 min on a shaker table. The samples were then allowed to settle for approximately 20 min, after which the phosphatebuffered saline was removed. Small aliquots of this phosphate-buffered saline were then filtered onto 0.02 µm Whatman Anodisc filters, dried on the surface of tissue paper, then stained with 1:100 000 diluted SYBR Green I. After 15 min staining, filters were dried once more and placed on a glass slide, and small drops of mountant (50% glycerol, 50% phosphate-buffered saline and 0.1% p-phenylenediamine) were added. Pulse-amplitude modulated fluorometry: Photosynthetic parameters (maximum photosynthetic rate, photochemical efficiency, quenching) and fluorescence of sediment surface microalgae in cores in aquaria were measured using a pulse-amplitude modulated (PAM) diving fluorometer (Walz Mess-and Regeltechnik, Bremen, Germany) (Hartig et al. 1998 , White & Critchley 1999 . Cores were placed in darkness for 15 min before all measurements to dark adapt the samples. The optic fiber cable, which delivers light emitted from a diode at 650 nm from the fluorometer to the sample and vice versa, was placed through a black polycarbonate ring (3 cm diameter) so that the end of the cable was flush with the ring surface. Measurements were taken by placing the polycarbonate ring/optical fiber cable assembly gently onto the sediment surface at random positions in each core. Initial fluorescence (F 0 ) and photochemical efficiency (F v /F m , where F m is the maximum excitable fluorescence and F v is F m -F 0 ), were measured and instantaneous light (photosynthesis-irradiance) curves were generated at ambient light (~300 µmol quanta m -2 s -2 ) using stepwise increasing saturating light pulses from 0 to 2000 µE m -2 s -1 over 90 s. Three replicate measurements of fluorescence and photosynthesis were generated in each core at 1, 3 and 7 d after HMWC addition.
Microorganism enumeration: Benthic microalgae subcores (2 cm depth, diameter 13 mm) were removed from each core after 7 d using a 60 ml cut-off syringe and fixed immediately in 3.5% formalin. Subcores were resuspended in 0.22 µm filtered seawater by agitation for 30 min on a shaker table and aliquots of supernatant were placed in a Palmer-Molloney counting chamber and enumerated. It is assumed that the agitation removed all benthic microalgae from sediment particles. More than 200 cells (total) of microalgae were counted in each sample in volumes of 0.1 ml supernatant examined by bright-field microscopy at 100 to 400× magnification. Bacteria were enumerated by collecting sediment subcores (2 cm depth, diameter 13 mm) with a syringe-corer from each core after 7 d. Sediment was then eluted in 35 ml 0.22 µm filtered phosphate-buffered saline by agitation on a shaker table. Small volumes (0.5 ml) of eluted samples were then stained with acridine orange and filtered through 0.22 µm irgalan black-stained polycarbonate filters (Osmonics, Minnetonka, MN, USA) followed by repeated rinsing with 0.22 µm filtered seawater to remove excess stain. Bacteria were enumerated with epifluorescence microscopy under blue light excitation at 100× magnification (Parsons et al. 1985) .
Phytoplankton experiments. Seawater from both oligotrophic and eutrophic sites was collected in 30 l black polyethylene carboys (pre-soaked in 0.5 N HCl) and transported to the laboratory at ambient temperature (18°C). Seawater was then placed into 4 l polyethylene carboys (pre-soaked in 0.5 N HCl) and floated in a large outdoor aquarium under ambient light and constant temperature (18°C). HMWCs and heat-treated concentrates were prepared as described above in seawater collected from each site. Approximately 5000 ml was concentrated to a final volume of 50 ml, and half of this was treated with UV light and microwaving as described previously. After preparation of concentrates, subsamples (50 ml) of seawater were placed in 60 ml polypropylene centrifuge tubes and inoculated with ~8 ml HMWC, heat-treated concentrate or seawater. Centrifuge tubes were then floated in the outdoor aquaria. In vivo fluorescence of phytoplankton in each tube was determined at 0, 1, 3 and 7 d after inoculation. Well-mixed subsamples (5 ml) from each centrifuge tube were dark adapted for 30 min, then measured using a TD-700 fluorometer (Turner Designs, Sunnyvale, CA, USA) after dark adaptation for 30 min.
14 C-bicarbonate incorporation: At the conclusion of the 7 d incubation, phytoplankton productivity was measured in duplicate for each treatment by 14 C-bicarbonate incorporation (Parsons et al. 1985 ) with 1 dark replicate from each station used as a control. Following incubation, samples were filtered through 0.45 µm polycarbonate filters (Osmonics) and rinsed twice with 1 N HCl to remove unincorporated radioactive carbon. Filters were then placed in 4 ml scintillation fluid (Beckman Ready Scint, Beckman-Coulter, Fullerton, CA, USA). Disintegrations min -1 were measured using a Packard 1600TR (Packard Instrument Company, Berks, UK) scintillation counter and these were converted to carbon fixation rate (Parsons et al. 1985) . Two replicate measurements of each treatment were made and the third replicate was used for microorganism enumeration.
Microorganism enumeration: Phytoplankton samples (50 ml) were preserved at the conclusion of the experiment in 3.5% formalin and allowed to settle for 24 h in 50 ml centrifuge tubes. After 24 h the supernatant was removed to a final volume of 5 ml. Phytoplankton were enumerated by bright field microscopy at 100 to 400× total magnification in a Sedgwick-Rafter slide. More than 200 cells (total) of microalgae were counted in each sample in 1 ml concentrate. Microalgae were identified to species level where possible according to Tomas (1997) .
Bacteria were enumerated by collecting small samples of seawater (6 ml) from each phytoplankton experiment centrifuge tube at the conclusion of the experiment that were fixed immediately in 3.5% formalin. Samples were then stained with acridine orange and enumerated using epifluoresence microscopy as described previously.
Statistical analyses. Triplicate samples of independent parameters (e.g., virus abundance, bacterial abundance) were analyzed by 1-way ANOVA using the statistical software package in Microsoft Excel 98 (Microsoft Corporation, Redmond, WA, USA). This included analysis of photosynthetic parameters (F 0 , F v /F m ) in independent sediment cores at different sampling times in HMWC addition experiments.
RESULTS
Virus enrichment effects on benthic microalgae
Direct SYBR Green I counts showed an absence of bacteria in HMWC and final virus abundance in concentrates was approximately 6.3 × 10 10 VLP ml -1 from the oligotrophic site and 6.2 × 10 12 VLP ml -1 from the eutrophic site. Ambient concentrations of viruses in sediments at the eutrophic site were 2.2 × 10 11 VLP cm -3 and at the oligotrophic site approximately 2.4 × 10 8 VLP cm -3
, while water column abundances at the eutrophic site were 2.4 × 10 9 VLP ml -1 and at the oligotrophic site 2.3 × 10 8 VLP ml -1
. The addition of HMWC is estimated to have elevated benthic virus abundance in the top 2 mm of sediment in cores by approximately 130% in eutrophic cores and 1200% in oligotrophic cores assuming even distribution of HMWC throughout sediment porewater.
Treatments with additions of seawater, heat-treated concentrate and HMWC caused substantial resuspension of fine-grained substrates in eutrophic sediments, which reduced photosynthesis to undetectable levels in the first 24 h of the experiment. Oligotrophic sediments did not show this negative effect, probably due to the relatively fast settling time of large-grained sands. Therefore, data are not reported for the first 24 h of the experiment at either station due to potential effects of sediment resuspension on microalgal hosts. The time required for a significant change in photosynthesis within sediment incubations varied between oligotrophic and eutrophic sediments (Fig. 3) . Heat-treated controls were not significantly different from seawater controls in terms of photosynthetic capacity (F 0 , F v /F m ) and there was no visible difference in instantaneous light curves (data not shown for figure clarity). The effects of virus enrichment were observed within the first 3 d of the experiment in eutrophic sediments, while in oligotrophic sediments there was no evidence of virus infection on photosynthesis at 7 d. Evidence of viral infection in eutrophic sediments included photoinhibition of electron transport rate at light intensities greater than 600 µmol quanta m -2 s -1 , a 26% decrease in Euglena sp. abundance compared with seawater controls (Table 1 ) and a significant increase (p < 0.05) in F 0 (Fig. 4) . No significant effect of HMWC addition on maximum electron transport rate or photochemical efficiency (F v /F m ) was observed.
Microbial cell abundance changed at both stations with the addition of HMWC (Table 1 ). The abundance of bacteria at both the oligotrophic and eutrophic stations significantly (p < 0.05) decreased with virus enrichment. The abundance of the dinoflagellate Gymnodinium sp. increased significantly (p < 0.05) at the oligotrophic station with HMWC and heat-treated concentrate additions. However, the abundance of bacteria did not change significantly in heat-treated concentrate additions. Virus enrichment significantly (p < 0.05) decreased the abundance of the green alga Euglena sp. in eutrophic sediments. The total abundance of diatoms did not change during the experiment at either station. . HTC: heat-treated control; SC: seawater control; nd: no data due to bacterial aggregation; *p < 0.05 Fig. 4 . Effects of HMWC addition (± SE) on photosynthetic parameters of benthic microalgae in (A) eutrophic and (B) oligotrophic sediments over 7 d
Virus enrichment effects on phytoplankton
The addition of HMWC to seawater is estimated to have elevated virus abundance in treatments by 700% in eutrophic water and 106% in oligotrophic water above seawater controls. Additions of HMWC significantly (p < 0.05) influenced phytoplankton communities at both the eutrophic and oligotrophic stations. Effects of heat-treated concentrates on F 0 were not significantly different from seawater controls at either station (data not shown). Increased in vivo chlorophyll fluorescence of phytoplankton was inhibited at the eutrophic station by 60% after 3 d compared with controls, while chlorophyll fluorescence at the oligotrophic station was significantly different from, and lower than controls after 1 d, and then higher after 3 d (Fig. 5) . After 7 d, HMWC additions to water from the eutrophic and oligotrophic stations had no significant effects on fluorescence compared with controls. Although photosynthetic rates of phytoplankton from the oligotrophic site were significantly (p < 0.05) elevated with HMWC and heat-treated concentrate additions (Table 1) , the productivity of phytoplankton from the eutrophic site with HMWC additions was not significantly different from seawater controls after 7 d (Table 1) . Additionally, the productivity of phytoplankton was substantially lower than productivity at the oligotrophic site despite higher biomass. This can be attributed to high turbidity within water samples as this area is the most turbid in the Brisbane River (Dennison & Abal 1999) .
Containment of phytoplankton communities from eutrophic and oligotrophic stations in both control and HMWC additions significantly (p < 0.05) increased the abundance of the diatoms Skeletonema costatum, Melosira sulcata and Coscinodiscus argus, while in oligotrophic incubations, the abundance of Chaetoceros spp. was significantly (p < 0.05) stimulated in all treatments (data not shown). Large bacterial aggregates formed at both stations with HMWC and heat-treated control addition and were not present in controls.
DISCUSSION
Changes in virus concentrations affected the abundance and photosynthetic physiology of both phytoplankton and benthic microalgae in Moreton Bay. Therefore, viruses potentially exert an important influence on the photosynthesis, biomass and community composition of microalgae and bacteria living in both the water column and on surficial sediments in Moreton Bay.
The observed decrease in bacterial abundance in both oligotrophic and eutrophic sediment incubations with HMWC addition suggests that some viruses in near-benthic seawater are bacteriophage specific to hosts on and within the sediments. This is consistent with previous reports that found that the majority of viruses in seawater are bacteriophages (reviewed recently in Fuhrman 1999, Wommack & Colwell 2000) .
Decrease in benthic microalgal photosynthesis in eutrophic sediments upon viral augmentation suggests that viral lysis of algae in these environments may be an important cause of benthic microalgal mortality. The stimulation of dinoflagellate populations in oligotrophic sediments by HMWC and heat-treated concentrate addition suggests that virally mediated lysis products (of bacteria and microalgae) may be an important source of nutrients for uninfected and resistant auto-and heterotrophs in oligotrophic sediments (Gonzales & Suttle 1993) .
Dinoflagellates can grow well on large dissolved organic molecules, and are capable of utilizing dissolved organic nitrogen (Heil et al. 2001 , Carlsson et al. 1998 , Doblin et al. 1999 , Glibert & Terlizzi 1999 . The increased abundance of the dinoflagellate Gymnodinium sp. with HMWC addition may be due to its ability to utilize dissolved organic material from bacterial lysis products (Middelboe et al. 1996) or uptake of dissociated genetic material and proteins in heat-treated concentrate additions. Dinoflagellates may also phagocytize virus particles as a source of organic material. VLP have been observed previously in vacuoles of heterotrophic pelagic dinoflagellates (Hallegraeff & Lucas 1988) . It is also conceivable that the removal of bacteria may stimulate dinoflagellate abundance since they potentially compete for organic nutrients (Carlsson et al. 1998) . HMWCs also contain bioactive macromolecules (e.g., extracellular DNA) that may have stimualted dinoflagellate growth; however, this is unlikely since a previous study has shown that HMWC augmentation of seawater does not cause significant enrichment of dissolved organic matter (Weinbauer & Peduzzi 1995) . There are several reasons why Euglena sp. may be more susceptible to HMWC additions than other benthic microalgae. Viruses internalized within Euglena sp. have been previously observed (Woongghi & Sung Min 1999) , and viruses of several related species of green algae including Platymonas sp. and Pyramimonas orientalis have been observed within cells (Moestrup & Thomsen 1974 , Pearson & Norris 1974 . Euglena sp. does not have thecal plates or thick cell walls, and therefore may be less mechanically resistant to infection as co-occurring diatoms. HMWC additions did not significantly change the abundance of benthic microalgae at the oligotrophic site, which was dominated by diatoms and thecate dinoflagellates. Benthic microalgae from the oligotrophic site may therefore be more mechanically resistant to potential infection than eutrophic assemblages.
The increased in vivo fluorescence of phytoplankton from the oligotrophic station with HMWC addition, concomitant with an increased abundance of diatoms after 7 d, may be due to uptake of lysis products (of both microalgae and bacteria) by resistant phytoplankton, as has been observed in previous studies (Table 2; Suttle 1992 ). The inhibition of in vivo fluorescence increase in phytoplankton from the eutrophic station (also corresponding to a decrease in diatom abundance after 7 d) indicates phytoplankton mortality, which may be due to viral lysis (Suttle et al. 1991) . Aggregation of bacteria at both stations with HMWC addition has been observed previously (Peduzzi & Weinbauer 1993 ) and may be due to growth of uninfected bacteria on lysis products of infected bacteria. The results suggest tightly coupled nutrient cycling in the water column of both the oligotrophic and eutrophic sites, which may be induced by viral mortality of phytoplankton and bacteria.
There is no direct evidence from the present study that microalgal nutrition plays a role in susceptibility to virus infection. The community composition of microalgae was completely different at the 2 stations assayed; hence, any effects of varying nutritional status of hosts between the 2 sites were masked by differences in community composition. Despite this, in low nutrient environments lysogeny (or latent infection) in microalgae may be more common than lytic infection; hence, addition of lytic viruses would have comparatively little effect on the abundance of microalgae (Jiang & Paul 1997) . This is consistent with the observed lack of change in hosts other than bacteria in oligotrophic environments. In addition, the turnover time of organisms in oligotrophic waters is slower than in eutrophic waters; for example, doubling times of bacteria in oligotrophic sediments in summer are typically 4 to 16 d (Moriarty et al. 1985) . Hence, the latent period (i.e., the time between infection and lysis) of both bacteria and microalgae may help explain the lack of infection observed in oligotrophic waters in comparison with eutrophic waters after 7 d.
The results suggest that lytic viruses play a role in the microbial ecology of oligotrophic sediments and overlying waters; however, the effects of virus augmentation were observed primarily in sediments. The greater abundance of most microorganisms in coastal sediments than in the water column in oligotrophic areas (Paul et al. 1993, Heil unpubl . data) may simply make changes to microalgal photosynthesis and community composition upon viral amendment more evident. In eutrophic waters, by contrast, the roles played by viruses in microbial ecology are evident in both the water column and benthos, potentially due to the large abundance of bacteria and microalgae in both environments. The observed roles of viruses in oligotrophic and eutrophic areas may also reflect the ambient abundance of benthic viruses in these areas. For exam- Peduzzi & Weinbauer (1993) ; (3) Suttle (1992) ; (4) Weinbauer & Peduzzi (1995) ple, studies of marine virus abundance in oligotrophic sediments found between 100 and 1000 more VLP than in overlying waters (Paul et al. 1993, Hewson et al. in press) , while in eutrophic areas, this difference is closer to 10 to 100 (Drake et al. 1998) . PAM fluorometry has not been previously used in the study of viral infection in photosynthetic marine organisms, and has only recently been applied to sediments to determine benthic microalgal photosynthetis (Hartig et al. 1998 , Heil et al. 2001 . PAM fluorometry was used in this study primarily because it is nondestructive to the target microorganisms; hence, repeated measurement of the sediment surface is possible. This study shows that PAM fluorometry is a useful tool in the assessment of viral infection, as it allows simultaneous measurement of both photosynthetic capacity (F 0 and F v /F m ) and photosynthetic rate through generation of rapid photosynthesis-irradiance curves (White & Chritchley 1999) . The PAM fluorometer only measures sediment-surface microalgal chlorophyll fluoresence. However, previous studies have found chl a at depths well below the sediment surface (de Jonge & Colijn 1994) , which may undergo daily vertical migrations to photosynthesize (Fenchel & Staarup 1971) . The use of the PAM fluorometer may therefore underestimate the effects of viral augmentation on benthic microalgal photosynthesis.
This study emphasizes the importance of the role of viruses in estuarine benthic microbial ecology and raises more questions about the role of benthic viruses in other marine environments, including the potential role viruses may play in providing nutrition for benthic dinoflagellates. Marine viruses appear to be active members of both benthic and pelagic microbial communities in eutrophic and oligotrophic regions and, as such, their ecological and biogeochemical roles in sediments and interactions with overlying waters warrant further study. This study also shows the usefulness of PAM fluorometry in assessing the effects of virus infection of benthic microalgae. This method of nondestructive photosynthesis measurement may prove useful in the future study of viral effects on other organisms, for example, corals, macroalgae and seagrass.
